Drugs & Therapy Perspectives (2022) 38:373-381
https://doi.org/10.1007/540267-022-00937-3

ADIS DRUG Q&A ®

Check for
updates

RTS,S/AS01 malaria vaccine (Mosquirix®): a profile of its use
Yahiya Y. Syed’

Accepted: 26 July 2022 / Published online: 7 September 2022
© Springer Nature Switzerland AG 2022

Abstract

RTS,S/AS01 (Mosquirix®) is a vaccine against malaria caused by Plasmodium falciparum. In a phase 3 trial, RTS,S/AS01
showed vaccine efficacy against clinical malaria, severe malaria and malaria hospitalization, with an acceptable safety and
tolerability profile, in children aged 6 weeks to 17 months; the vaccine efficacy was greater in children than in infants and
waned over time. In another phase 3 trial, RTS,S/ASO1 was noninferior to seasonal malaria chemoprevention in children.
WHO recommends a 4-dose schedule of RTS,S/ASO01 for the prevention of P. falciparum malaria in children from 5 months
of age living in regions with moderate to high malaria transmission, with an optional 5-dose schedule for areas with highly
seasonal malaria transmission. First results from large pilot implementation in Africa show that RTS,S/AS01 has a favour-
able safety profile, increases equity in access to malaria prevention, is highly cost effective, can be delivered through routine
national immunization programmes and substantially reduces severe malaria burden.

Plain Language Summary

Malaria is a life-threatening disease caused by Plasmodium parasites, which are spread to humans through bites of infected
mosquitoes. RTS,S/AS01 (Mosquirix®) is a vaccine against malaria caused by P. falciparum. In phase 3 trials, RTS,S/AS01
showed vaccine efficacy against P. falciparum malaria and was at least as effective as seasonal malaria chemoprevention in
children, with an acceptable safety and tolerability profile. Results of the first 2 years of a large scale pilot implementation
of RTS,S/ASO1 in Africa allowed WHO to recommend the vaccine for the prevention of P. falciparum malaria in children
from 5 months of age living in regions with moderate to high malaria transmission, with an optional use for seasonal malaria.

Digital Features for this Adis Drug Q&A can be found at https:// What is the rationale for developing RTS,S/
doi.org/10.6084/m9.figshare.19817521 ASO1 against malaria?

Malaria is a preventable and treatable, but deadly, disease
caused by infection of red blood cells by Plasmodium para-
sites, transmitted to humans through the bites of infected
female Anopheles mosquitoes [1-3]. Of the five Plasmodium
species that infect humans, Plasmodium falciparum is one

Adis evaluation of RTS,S/AS01 in the management
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estimated 241 million cases of malaria and 627,000 malaria-
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Malaria control interventions recommended by WHO
include insecticide-treated bed nets, indoor residual spray-
ing of insecticides, rapid diagnosis and treatment with highly
effective artemisinin combination therapies and seasonal
malaria chemoprevention (SMC) in children [3]. Thanks to
these interventions, an estimated 1.7 billion cases of malaria
and 10.6 million cases of malaria deaths have been averted
globally in the past 20 years [4]. However, the trend line
showing a decrease in the number of malaria cases/deaths
has plateaued since 2015, with indeed a slight uptrend in
2020 which is likely related to disruptions of malaria pro-
grammes caused by the COVID-19 pandemic [4]. The addi-
tion of a vaccine against P. falciparum to the malaria con-
trol interventions represents an important and much needed
development in the continued fight against malaria.

Vaccines targeting various life-cycle stages (pre-erythro-
cytic, blood and sexual stages) of the malaria parasite are being
evaluated [5]. A pre-erythrocytic vaccine may be ideal as it
prevents the first stage of parasite development, blocking the
subsequent stages. RTS,S/AS01 (Mosquirix®) is a malaria vac-
cine that targets the pre-erythrocytic stage of P. falciparum [6].
GSK is the developer and the marketing authorization holder
of the vaccine. RTS,S/ASO1 received a positive scientific opin-
ion from the European Medicines Agency (EMA) under ‘EU-
Medicines for all” (previously known as ‘article 58”) procedure
[3]. This procedure allows EMA’s Committee for Medicinal
Products for Human Use, in cooperation with WHO, to give
scientific opinions on medicines and vaccines for human use
that are intended exclusively for markets outside of the EU.
RTS,S/AS01, the first malaria vaccine and also the first vac-
cine against a parasite in humans, is recommended by WHO.

For whom is RTS,S/AS01 indicated?

RTS,S/AS01 has EMA’s positive opinion for active immuni-
sation of children aged 6 weeks to 17 months against P. falci-
parum malaria and against hepatitis B; however, the vaccine
should be used based on official recommendations that con-
sider the epidemiology of P. falciparum malaria in different
geographical areas [6]. A summary of the EU prescribing
information for RTS,S/ASO01 is provided in Table 1.

What is WHO position on RTS,S/AS01?

WHO recommends RTS,S/ASO1 in a 4-dose schedule for
the prevention of P. falciparum malaria in children from
5 months of age living in regions with moderate to high
malaria transmission, as defined by WHO [1, 3]. The sched-
ule includes three primary doses with a minimum interval of
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4 weeks between doses, followed by a booster dose approx-
imately 12-18 months after the third dose. An optional
5-dose strategy may be considered in areas with high sea-
sonal malaria transmission or areas with perennial malaria
transmission with seasonal peaks. This strategy includes
three primary doses administered at monthly intervals and
two annual booster doses administered prior to peak malaria
transmission season [1, 3].

How does RTS,S/AS01 work?

RTS,S/AS01 is a monovalent pre-erythrocytic recombinant
protein vaccine that comprises P. falciparum circumsporo-
zoite protein (CSP) regions known to induce humoral (R
region) and cellular (T region) immune responses, cova-
lently linked to the hepatitis B virus surface antigen (S) [3,
6, 7]. RTS is co-expressed in yeast (Saccharomyces cer-
evisiae) with free S, yielding RTS,S virus-like particles.
The vaccine uses GSK’s proprietary ASO1 adjuvant system.
RTS,S/ASO01 elicits humoral and cellular immunity against
the circumsporozoite protein amply expressed on the sporo-
zoite surface, thereby limiting the ability of P. falciparum
to infect, mature and multiply in the liver [3, 6-8].

What is the vaccine efficacy of RTS,S/AS01
in malaria?

RTS,S/AS01 demonstrated vaccine efficacy in several phase
2 trials [9-12]. This section focuses on data from two ran-
domized, double-blind, controlled phase 3 trials of RTS,S/
ASO1: a pivotal (NCT00866619) [13—16] and a seasonal
malaria vaccination (NCT03143218) [17] trial.

Pivotal trial

This trial investigated the vaccine efficacy of RTS,S/ASO1
given as a 3-dose primary series plus a booster dose sched-
ule in more than 15,000 infants and children (aged 6—12
weeks and 5—17 months, respectively, at the time of enrol-
ment) at 11 centres from seven sub-Saharan African coun-
tries, with malaria transmission intensities ranging from low
to high [13-16]. Subjects were randomized to one of three
groups: three doses of RTS,S/ASO1 at months 0, 1, 2 and a
booster dose at month 20; three doses of RTS,S/AS01 and
a dose of control vaccine [meningococcal serogroup C con-
jugate vaccine (Menjugate®)] at month 20; three doses of
control vaccines [Menjugate® for infants and rabies vaccine
(VeroRab®) for children] at months 0, 1, 2, and a control
vaccine (Menjugate® in both age categories) at month 20
[13-16]. Infants received RTS,S/ASO1 concomitantly with
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Table 1 EU prescribing summary of RTS,S/AS01 malaria vaccine (Mosquirix®) [ ]. Consult local prescribing information for further details

What is the approved indication?

Active immunisation of children aged 6 weeks up to 17 months against Plasmodium falciparum malaria and hepatitis B (article 58 approval)

Use should be based on official recommendations that consider the epidemiology of P. falciparum malaria in different geographical areas

How is RTS,S/AS01 available?

Powder (RTS,S antigen) and suspension (ASO1 adjuvant), which must be reconstituted prior to administration

What is the composition of RTS,S/AS01?

After reconstitution, one 1 mL vial contains two 0.5 mL vaccine doses. One vaccine dose (0.5 mL) contains 25 ug of RTS,S, adjuvanted with

ASO01

RTS,S is a portion of P. falciparum circumsporozoite protein fused with hepatitis B surface antigen (RTS) and combined with hepatitis B
surface antigen (S) in the form of non-infectious virus-like particles produced in yeast (Saccharomyces cerevisiae) cells by recombinant

DNA technology

ASOL1 is a liposome-based vaccine adjuvant that comprises 3-O-desacyl-4’- monophosphoryl lipid A (MPL) 25 pg and Quillaja saponaria
Molina, fraction 21 (QS-21) 25 ug. MPL is manufactured by GSK while QA-21 is licensed by GSK from Antigenics LLC, a wholly owned

subsidiary of Agenus Inc.
How should RTS,S/AS01 be stored?

Shelf-life is 3 years. Do not freeze the product. Store in the original package to protect it from light

From a microbiological standpoint, reconstituted RTS,S/ASO1 should be used immediately, although chemical and physical in-use stability
has been demonstrated for 6 h at 25° C. If not used immediately, normal storage time is < 6 h in a refrigerator (2°-8° C)

How should RTS,S/AS01 be administered?

Intramuscular injection; the preferred injection site in children aged > 5 months is the deltoid muscle

What are the contraindications to the use of RTS,S/AS01?

Hypersensitivity to the active substance or any of the excipients of RTS,S/AS01, previous doses of RTS,S/AS01 or hepatitis B vaccines

What other special warnings/precautions pertain to the use of RTS,S/AS01?

Protection against P. falciparum malaria

Does not provide complete protection; may delay the natural acquisition of immunity;

efficacy wanes over time; efficacy data limited to children from sub-Saharan Africa;
does not protect against malaria caused by pathogens other than P. falciparum

Protection against hepatitis B

Should not be used for the prevention of hepatitis B when prevention against P. falcipa-

rum malaria is not sought

Infants at risk of bleeding

Administer with caution in individuals with thrombocytopenia or any coagulation disor-

ders, as bleeding may occur after intramuscular injection

Infants with immunodeficiency

Preterm infants (born < 28 weeks of gestation)

No data other than for HIV infection for which data are limited

When administering the first three doses, consider the potential risk of apnoea and the

need for respiratory monitoring for 48—72 h in infants who remain hospitalized at the
time of vaccination, particularly those with a history of respiratory immaturity

Which vaccines can be administered concomitantly with RTS,S/AS01?

Monovalent or combination vaccines including diphtheria, tetanus, whole cell pertussis, acellular pertussis, hepatitis B, Haemophilus influen-
zae type b, oral polio, measles, rubella, yellow fever, rotavirus and pneumococcal conjugate vaccines

What are the potential clinically relevant drug interactions between RTS,S/AS01 and other drugs/vaccines?

Pneumococcal conjugate vaccines
Rotavirus and pneumococcal conjugate vaccines
Immunosuppressive therapy

Antipyretic prophylaxis

May increase the risk of fever within 7 days after vaccination
May reduce the antibody response to the circumsporozoite antigen of RTS,S/AS01
No data, but decreased efficacy cannot be ruled out

May decrease the immune response to the vaccine, and hence, not recommended

the Expanded Programme on Immunization (EPI) vaccines
[13]. Subjects had not received systematic malaria treatment
before vaccination. Routine malaria control measures and
treatment of malaria during the study were implemented in
accordance with national guidelines. Patient baseline char-
acteristics were generally similar across the treatment groups
in each age category, with insecticide-treated bed nets used
in > 75% of children and > 80% of infants at study end [13].

RTS,S/AS01 vaccine efficacy against the first and only epi-
sode of clinical malaria over 12 months after the third dose
was 31.1% in infants (coprimary endpoint) [15] and 55.8% in
children (coprimary endpoint) [16]. After 12 months, the vac-
cine efficacy remained lower in infants than in children. Based
on the totality of evidence pointing to a lower of efficacy of
RTS,S/ASO1 in infants, WHO recommends the vaccine for
children from 5 months of age [1, 3]. Accordingly, data for
only children are discussed further in this article.
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In children, in the 12 months after the third dose, RTS,S/
ASO01 vaccine efficacy was > 47 % against clinical malaria
(all episodes), severe malaria and malaria-related hospi-
talization (Table 2) [16].Vaccine efficacy waned over time,
although clinically relevant protection was still evident 18
months after the third dose (Table 2) [14]. Without a booster
dose, vaccine efficacy against clinical malaria was 34% at
30 months, with no or minimal protection against severe
malaria or malaria-related hospitalization (Table 2) [13].
Administration of a booster dose provided an incremental
vaccine efficacy of 25.6% (95% CI 18.2-32.3) during the 12
months after the booster dose compared with the group that
did not receive the booster dose, with the efficacy partially
retained over up to 46 months after dose 3 (Table 2) [13].
The numbers of clinical malaria cases averted with RTS,S/
ASO01 were the highest in areas of high malaria incidence
[e.g. Siaya (Kenya) and Nanoro (Burkina Faso)] [13]. In
the trial site with the highest malaria incidence (Siaya), up
to 6565 and 4443 cases of clinical malaria per 1000 chil-
dren could be prevented with four and three doses of RTS,S/
ASO01, respectively [13].

In an open-label extension study (NCT02207816) of the
pivotal trial, subjects in three trial centres [Korogwe (Tanza-
nia), Kombewa (Kenya) and Nanoro (Burkina Faso)] were fol-
lowed for additional 3 years (7 years in total since the first vac-
cination in children aged 5-17 months) [18]. During the 3-year
extension, the overall incidences of severe malaria were low

in all three treatment groups: 0.004, 0.007 and 0.009 cases per
person-years at risk in the RTS,S/ASO1 4-dose, RTS,S/AS01
3-dose and control groups, respectively (primary outcome).
RTS,S/AS01 vaccine efficacy for the 4-dose schedule against
severe malaria was maintained over up to 7 years (Table 2)
[18]. Rebound of clinical malaria (i.e. incidence higher in the
RTS,S/AS01 group than in the control group) was seen in one
of the study centre (Nanoro) with high malaria prevalence,
although this did not result in a rebound of severe malaria [18].

Seasonal malaria vaccination trial

Taking advantage of the vaccine’s high initial efficacy, this
trial investigated the efficacy of RTS,S/ASO1 with or with-
out SMC in children in the Sahel regions of Africa, where
malaria transmission is high during a few months of the
year [17]. In this double-blind trial, 6861 children aged 5-17
months from Burkina Faso and Mali received RTS,S/ASO1
alone (three doses in April, May and June 2017, followed
by fourth dose in June 2018 and fifth dose in June 2019),
SMC alone (four courses of sulfadoxine—pyrimethamine and
amodiaquine at monthly intervals each year) or RTS,S/ASO1
plus SMC. In the SMC alone group, children also received
three doses of rabies vaccine (Rabipur®) in 2017 and a dose
of hepatitis A vaccine (Havrix®) in 2018 and 2019. In the

Table 2 Efficacy of RTS,S/AS01 (Mosquirix®) in African children aged 5-17 months

No. of subjects®
(RTS,S/ASO1 vs control)

Time point

Clinical malaria®

Vaccine efficacy (%) [95% CI]

Severe malaria® Malaria hospitalization®

12 months after dose 3 [16]

18 months after dose 3 [14]

30 months after dose 3 [13]
3 doses

2830 vs 1466
4557 vs 2328

2306 vs 2336
3 doses + 1 booster dose 2276 vs 2336
46 months after dose 3 [13]

3 doses 2306 vs 2336
3 doses + 1 booster dose 2276 vs 2336
Over 6.8 years [18]

3 doses 829 vs 839

3 doses + 1 booster dose 844 vs 839

55.1[50.5 to 59.31™
45.7 [41.7 to 49.51

33.9 [28.9 to 38.6]™
46.1 [41.8 t0 50.17""

26.2 [20.8 to 31.2]™
39.0 [34.3 to 43.3]™

19.1[10.8 to 26.71""
23.7[15.9 t0 30.71"

£

473 [22.4 to 64.21"
35.5[14.6to 51.11"

47.9 [34.6 to 58.5]
41.5[29.1 to 51.71""

18.1[1.1 to 32.3]™
40.1 [26.2 to 51.51°"

2.1 [-27.51t024.8]
32.4[9.5 t0 49.8]

—5.8[=35.0t017.0]
28.5 [6.3 to 45.71""

12 [- 5 to 26]°
37.2[23.6 to 48.51°

10.1 [— 18.1 to 31.6]
36.7 [14.6 to 53.11"

Not reported’
Not reported”

*p < 0.05, **p < 0.01 vs comparator

*Modified intention-to-treat population for 6.8 years and per-protocol population for all other time points

PAll episodes. Primary case definition: temperature > 37.5 °C and P. falciparum asexual parasitaemia (> 5000 parasites/mm>) or a case of

malaria meeting the primary case definition of severe malaria

“Primary case definition: P. falciparum asexual parasitaemia (> 5000 parasites/mm®) with > 1 marker of disease severity and without comorbidity

9Defined as a medical hospitalization with confirmed P. falciparum asexual parasitaemia (> 5000 parasites/mm?>)

®Data from the EU assessment report [36] or summary of product characteristics[6]

fVaccine efficacy was similar to that for severe malaria, as most severe malaria cases also met the case definition for malaria hospitalisation
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RTS,S/ASO1 alone group, children received four courses of
placebo SMC each year. All children were given a long-
lasting insecticide-treated bed net. Patient baseline charac-
teristics and use of the bed nets were generally well balanced
between treatment groups [17].

In the modified intention-to-treat population, RTS,S/
ASO01 was noninferior to SMC for the incidence of uncom-
plicated clinical malaria over the 3-year trial period (primary
outcome; Table 3) [17]. The hazard ratio (HR) was 0.92,
with 90%, 95% and 99% Cls for the HR all excluding the
prespecified noninferiority margin of 1.20. Similar results
were seen for the per-protocol population [17].

RTS,S/ASO01 plus SMC was superior to either treatment
alone for the incidence of uncomplicated clinical malaria,
with a protective efficacy of > 59% over 3 years (Table 3)
[17]. The protective efficacy of the combination decreased
over time (71.7%, 63.2%, 58.6% at year 1, 2 and 3, respec-
tively) and was similar in Burkina Faso and Mali. The
combination also provided protection against several pre-
specified secondary outcomes, including hospitalization for
severe malaria and death from malaria (Table 3). Weekly
and end-of-season surveys showed that the prevalence of
malaria parasitemia, anaemia (haemoglobin < 7 g/dL) and
P. falciparum gametocytemia was consistently lower with
the combination than with RTS,S/AS01 or SMC alone [17].

What is the safety and tolerability profile
of RTS,S/AS01?

RTS,S/ASO1 had acceptable safety and tolerability pro-
files in phase 3 trials [13, 17-23]. In a pooled analysis of
> 11,000 children vaccinated with three doses of RTS,S/
ASO1, the very common (incidence > 1/10) adverse reac-
tions occurring within 7 days post-vaccination were fever
(incidence 27%), irritability (14%) and injection site reac-
tions, such as pain (16%) and swelling (7%) [6]. This section
mainly focuses on data for children aged 5—17 months in the
pivotal trial [13, 18, 20, 21].

Solicited local AEs occurring within 7 days post-vacci-
nation in children receiving each of the first three doses of
RTS,S/AS01 (n = 4321) versus control (n = 2128) vaccines
were: pain (12.4% vs 5.8%), redness (3.1% vs 2.7%) and
swelling (9.6% vs 7.6%) [20]. During this period, vaccina-
tion-related solicited general AEs in the respective groups
included fever (16.9% vs 5.9%), irritability (5.9% vs 2.8%),
loss of appetite (5.5% vs 3.1%) and drowsiness (3.4% vs
2.3%). Most solicited local and general AEs were of grade
1 or 2 severity [20]. In 4200 children who received a booster
dose, decreased appetite as an adverse reaction to the vac-
cine was reported more frequently (very common) compared
with the incidences seen after the first three doses [6]. The
RTS,S/AS01 booster dose was also more reactogenic than

the control vaccine, with grade 3 fever reported in 5.3% of
children after the RTS,S/ASO1 booster dose [13]. Fever
occurred mainly on the day after vaccination and mostly
resolved within a day [20]. Local and systemic reactogenic-
ity are more likely in HIV-infected children than in children
of unknown HIV status [6].

The incidences of unsolicited AEs occurring within 30
days post-vaccination were largely similar in children receiv-
ing four doses of RTS,S/AS01 and those receiving the con-
trol vaccine, with the exception of fever (20.4% vs 10.4%),
reflecting the febrile reactions shortly after vaccination in
children that were not part of the reactogenicity subset [13].

The incidence of serious AEs over the entire study period
in children receiving RTS,S/AS01 with (24.2%) or without
(25.3%) a booster dose was similar to that in the control
group (28.4%) [20]. The most common of these were malaria,
pneumonia, febrile convulsions, gastroenteritis and anae-
mia. Vaccination-related serious AEs occurred in 0-0.3% of
subjects, with the most being fever-related. There were no
vaccination-related deaths [20]. No vaccine-related severe
AEs were reported during the 3-year extension study [18].

Among HIV-infected children, the incidence of seri-
ous AEs was similar between the RTS,S/ASO01 and control
groups in the pivotal trial [21]; this finding is further sup-
ported by data from a phase 3 trial (NCT01148459) in chil-
dren with WHO stage 1 or 2 HIV disease [22]. The safety
profile of RTS,S/ASO1 in preterm infants and malnourished
children (i.e. low weight-for-age) was generally similar to
that in the overall study populations [20].

RTS,S/AS01 had acceptable reactogenicity and safety
profiles when coadministered with EPI vaccines, such as
measles, rubella and yellow fever vaccines [19] or pneumo-
coccal conjugate and rotavirus vaccines [23]. There were no
new safety signals when RTS,S/AS01 was coadministered
with SMC [17].

Adverse events of special interest

RTS,S/AS01 was associated with an increased risk of febrile
convulsions in children [20]. Following the fourth dose of
RTS,S/ASO01, the incidence of febrile convulsions within 7
days was 2.5 (vs 0.4 in the control group) per 1000 vaccine
doses. Febrile convulsions occurred mainly within the first
2-3 days after dose 3 and 4. However, in children receiving
four doses of RTS,S/AS01, the incidence of febrile convul-
sions reported as serious AEs was similar to that in the con-
trol group within 30 days post-vaccination (1.1% vs 1.1%)
or from month 0 to study end (5.3% vs 5.5%) [20].

During the entire pivotal trial period, meningitis was
reported in 21 of 5948 (0.35%) children receiving RTS,S/
ASO1 and 1 of 2974 (0.03%) children in the control group
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Table 3 Efficacy of seasonal malaria vaccination with RTS,S/AS01 (Mosquirix®) over 3 years in African children aged 5-17 months in a rand-|

omized phase 3 trial [ ]

Outcomes/treatments®
at risk [95% CI|

No. of events/100 person-year

Protective efﬁcacyb (%) [95% CI]

Versus SMC alone Versus RTS,S/ASO1 alone

Uncomplicated clinical malaria®
SMC alone

RTS,S/ASO01 alone

RTS,S/AS01 + SMC
Hospitalization for severe malaria®
SMC alone

RTS,S/AS01 alone

RTS,S/ASO1 + SMC

Death from malaria

SMC alone

RTS,S/ASO01 alone

RTS,S/AS01 + SMC

304.8 [290.5 to 319.8]
278.2 [264.6 to 292.4]
113.3 [104.7 to 122.5]

6.8 [4.9 t0 9.4]
6.7 [4.8109.2]
2.0(1.1 to 3.6]

2.0 [1.1t0 3.6]
22[1.2t03.8]
0.5[0.2 to 1.7]

7.9[-1.0t0 16.0]

62.8 [58.4 to 66.8] 59.6 [54.7 to 64.0]

—0.4[-60.2t037.1]

70.5 [41.9 to 85.0] 70.6 [42.3 to 85.0]

—-9.5[-14831t051.7]

72.9 2.9 t0 92.4] 75.3[12.5 t0 93.0]

SMC seasonal malaria chemoprevention

#Outcomes were assessed in modified intention-treat population (n = 1965, 1988, 1967 in the SMC, RTS,S/ASO1 and combination groups,

respectively; see main text for treatment details)
bCalculated as (1—hazard ratio) x 100

“Primary outcome: defined as body temperature > 37.5 °C or a history of fever within the previous 48 h and P. falciparum parasitemia (parasite
density > 5000 per mm?) in children who presented to a clinical trial health facility

dClassified according to the WHO definition

[20]. The relative risk was 11.0 (95% CI 1.4-85.1) for four
doses of RTS,S/ASO01 versus control. There was also an imbal-
ance between the groups in the incidence of cerebral malaria,
and all-cause mortality among girls. A causal relationship
linking the vaccine to meningitis and cerebral malaria has
not been established [20]. Furthermore, these safety signals
were not seen in earlier phase 2 or subsequent phase 3 trials,
or through prospective monitoring of large-scale pilot evalu-
ations, indicating that these signals were chance findings [3].

What is the immunogenicity of RTS,S/AS01?

RTS,S/ASO1 is highly immunogenic, inducing high lev-
els of anti-CSP antibodies and CSP-specific CD4 T-cell
responses in vaccinated individuals [7, 24-27]. The
CD4 T-cell responses may provide additional protection,
independent of the anti-CSP antibody response [27]. A
definitive threshold level of anti-CSP antibody titres that
can serve as a surrogate or correlate of protection against
malaria has not been identified. However, based on a
model, an anti-CSP antibody titre level of 121 EU/mL is
expected to prevent 50% of malaria infections [28].
RTS,S/AS01 induced a stronger immune response in chil-
dren than in infants in the pivotal trial, where coadministered
EPI vaccines differed between the age categories [6, 28]. The
geometric mean titre (GMT) levels of anti-CSP antibodies
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in children versus infants were 621 versus 211 EU/mL at 1
month after the third dose, 34 versus 6 EU/mL before the
booster dose and 318 versus 170 EU/mL at 1 month after the
booster dose [6]. Anti-CSP titres waned in a biphasic expo-
nential pattern [28], with rapid waning in the first 6.5 months
and slow waning over 7 years [29]. The half-life of the short-
and long-lived components of the antibody response was 45
and 591 days in children aged 5-17 months, respectively
[28]. It is estimated that 12% of the response would be long-
lived after primary vaccination in children, increasing to 30%
after a booster dose. The decline in the antibody response
predicted the duration of vaccine efficacy against clinical
malaria, with the efficacy waning more rapidly in areas of
higher transmission intensities [28].

RTS,S/ASO1 was immunogenic in preterm infants and
malnourished children [28], as well as in HIV-infected
children [21, 22], including those with WHO stage 1 or 2
disease receiving high antiretroviral and co-trimoxazole
treatment [22]. In the pivotal trial, anti-CSP antibody
GMTs were lower in HIV-infected children than in chil-
dren of unknown HIV status (193 vs 492 EU/mL) [21].

In children primed with three doses of RTS,S/AS01,
subsequent annual booster doses given before the malaria
transmission season induced strong antibody responses,
albeit these responses tended to decreased over time
(Fig. 1) [30].
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Anti-CSP antibody response to RTS,S/ASO1 was not
impaired when coadministered with EPI vaccines, such as
measles, rubella and yellow fever vaccines [19].

What are the public health and cost
implications of RTS,S/AS01?

Four malaria transmission models developed by independent
research groups using data from the pivotal trial predicted
a significant positive public health impact and high cost-
effectiveness of RTS,S/ASO1 across a wide range of P. fal-
ciparum parasite prevalence settings in Africa [31].

An analysis based on one of these models (the one devel-
oped by GSK) predicted that RTS,S/AS01 vaccination would
be more cost-effective in children than in infants [32]. Devel-
oped as a static Markov model, it followed a simulated 2017
birth cohort for 15 years in 41 African countries, comparing
three strategies: vaccination in children at ages 6, 7.5, 9 and
27 months; vaccination in infants at ages 6, 10 and 14 weeks,
and 21 months; and no vaccination. The base-case analysis
was conducted from a healthcare system perspective, with an
annual discount rate of 3% for both costs (2015 values) and dis-
ability-adjusted life-years (DALYSs). Efficacy input was derived
from the pivotal trial. The model estimated that 24.6 million
children would be vaccinated across all countries. Compared
with no vaccination, child vaccination was predicted to avert
16.8 million cases of clinical malaria, 359,962 cases of severe
malaria, 192,213 malaria-related hospitalizations, 112,881
malaria deaths and 3.4 million DALY's over the 15-year period.
At an assumed vaccine cost of $US 5 per dose, the incremental
cost-effectiveness ratio per DALY averted was $US 200 (95%
CI 141-314) for child vaccination. This represents 14% of the
one-time gross domestic product per capita value. Across all
countries, the estimated budget for child vaccination was $US
554 million in the first year, increasing up to $US 688 million
in the third year. Infant vaccination was less cost effective, with
a larger estimated budget impact, relative to child vaccination.
Parasite prevalence, RTS,S/ASO1 price and discount rate had
the greatest effect on the cost effectiveness [32]. Similar find-
ings have been reported in other analyses [33-35].

What is the current clinical position of RTS,S/
ASO01 in Malaria?

RTS,S/AS01, the first and currently only malaria vaccine, is
borne out of 30 years of research and development through a
unique public-private partnership [7]. RTS,S/ASO1 prevents
clinical malaria, with an acceptable safety and tolerability
profile in children aged 5—17 months at the time of first vac-
cination. The efficacy is maximal in the first 12 months after
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Fig.1 Immunogenicity of RTS,S/ASO1 in children receiving three
priming doses and annual booster doses in a phase 3 seasonal malaria
vaccination trial [17]

a 3-dose primary series and wanes over time. A booster dose
restores efficacy, albeit not to the extent seen after the pri-
mary series. In children who received four doses of RTS,S/
ASO1, vaccine efficacy remains positive over 7 years. Vac-
cine efficacy is lower in infants aged 6—12 weeks at the time
of first vaccination than in older children. RTS,S/ASO1 is
also effective in a seasonal malaria setting and provides
additional protection when added to SMC.

Based on its favourable risk—benefit profile in the pivotal
trial, RTS,S/ASO1 received a positive regulatory assessment
from the EMA in July 2015 under article 58 for use in both
infants and children [6]. In January 2016, WHO recom-
mended further evaluation of RTS,S/ASO1 in children aged
5-17 months in a large-scale pilot implementation before
rolling it out at country level [4]. The evaluation began in
2019 in Ghana, Kenya and Malawi. In a little over 2 years,
more than 830,000 children were vaccinated with over 2.4
million doses of RTS,S/ASO1. In October 2021, WHO’s
Strategic Advisory Group of Experts on Immunization
(SAGE) and the Malaria Policy Advisory Group (MPAG)
jointly reviewed all available evidence. The key findings of
this review are [4]:

e RTS,S/AS01 reduces malaria episodes by 40%; it reduces
hospital admission for severe malaria by ~ 30% among
children age-eligible for the vaccine (even in areas where
insecticide-treated bed nets are widely used and there
is good access to diagnosis and treatment); the vaccine
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saves one life for every 200 vaccinated children and has
a favourable safety profile

e RTS,S/ASO1 could be delivered through the routine
national immunization programmes, with effective and
equitable coverage among target children; it has no
negative impact on uptake of bed nets, other childhood
vaccines or heath seeking behaviour for febrile illness

e RTS,S/ASO1 increases equity in access to malaria pre-
vention: the vaccine reached more than two-thirds of
children who were not sleeping under an insecticide-
treated bed net; when layered, vaccination results in
over 90% of children benefitting from at least one pre-
ventive intervention (insecticide-treated bed nets or the
malaria vaccine)

e RTS,S/ASO01 is highly cost-effective in areas of moder-
ate to high malaria transmission

Following advice from SAGE and MPAG based on the
results of the pilot studies, WHO recommends RTS,S/
ASO1 for the prevention of P. falciparum malaria in chil-
dren living in moderate to high transmission regions as
defined by WHO [3, 4]. RTS,S/AS01 should be provided
as part of a comprehensive malaria control strategy, with
appropriate mixes of malaria control interventions iden-
tified for different subnational settings, based on local
malaria epidemiology and contextual factors [3, 4]. Final
full results of the pilot implementation are awaited with
interest, as are additional studies assessing the efficacy and
safety of RTS,S/ASO1 in real-world settings.
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